Sucralose is a widely-used artificial high-intensity sweetener. Although doubts have been raised about the safety of sucralose by several researchers, it can still be found in a broad range of foods and beverages worldwide, including in baked goods. Sucralose may decompose at high temperatures, and participate in chlorination reactions, generating highly toxic compounds. Here, we demonstrate that heating sucralose at high temperatures in stainless steel or other metal utensils in the presence of rust (Al 2 O 3 , Fe 2 O 3 , and CuO) produces polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs). PCDD/Fs were found in smoke generated during the heating of sucralose and in the residues after heating. CuO enhanced the PCDD/F yield in comparison with Al 2 O 3 and Fe 2 O 3 . ucralose (4, 19, 19, TGS) is an artificial sweetener which results from the selective substitution of three of the sucrose hydroxyl groups with chlorine atoms, involving inverting the configuration at the 4-position from the gluco-to the galacto-analogue, resulting in a product 600 times sweeter than sugar 1,2 . Sucralose is used as a food additive in more than 80 countries, and is present in over 4,000 products, including baked goods [3] [4] [5] [6] . However, several studies have shown that sucralose has metabolic effects that may negatively impact human health [7] [8] [9] [10] [11] [12] [13] . In addition, it has been found that sucralose is not stable at high temperatures 14, 15 . Using thermoanalytical techniques, Bannach et al. (2009) found that sucralose is thermally stable at temperatures up to 119uC, but above this temperature, and up to 550uC, thermal decomposition takes place in three steps without the sucralose melting 14 . Rahn & Yaylayan (2010) reported that the thermal degradation of sucralose at 250uC resulted in the generation of toxic chloropropanols 15 . Our previous studies showed that highly toxic polychlorinated aromatic compounds, such as polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/ Fs), dioxin-like polychlorinated biphenyls, and polychlorinated naphthalenes, could be generated during the heating of foodstuffs in the presence of sucralose [16] [17] [18] . It still remains unclear whether these highly toxic compounds could be produced when pure sucralose is heated, and the formation mechanisms for these compounds have not yet been elucidated.
S ucralose (4,19,69-trichloro-4,19,69-trideoxygalactosucrose, TGS) is an artificial sweetener which results from the selective substitution of three of the sucrose hydroxyl groups with chlorine atoms, involving inverting the configuration at the 4-position from the gluco-to the galacto-analogue, resulting in a product 600 times sweeter than sugar 1, 2 . Sucralose is used as a food additive in more than 80 countries, and is present in over 4,000 products, including baked goods [3] [4] [5] [6] . However, several studies have shown that sucralose has metabolic effects that may negatively impact human health [7] [8] [9] [10] [11] [12] [13] . In addition, it has been found that sucralose is not stable at high temperatures 14, 15 . Using thermoanalytical techniques, Bannach et al. (2009) found that sucralose is thermally stable at temperatures up to 119uC, but above this temperature, and up to 550uC, thermal decomposition takes place in three steps without the sucralose melting 14 . Rahn & Yaylayan (2010) reported that the thermal degradation of sucralose at 250uC resulted in the generation of toxic chloropropanols 15 . Our previous studies showed that highly toxic polychlorinated aromatic compounds, such as polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/ Fs), dioxin-like polychlorinated biphenyls, and polychlorinated naphthalenes, could be generated during the heating of foodstuffs in the presence of sucralose [16] [17] [18] . It still remains unclear whether these highly toxic compounds could be produced when pure sucralose is heated, and the formation mechanisms for these compounds have not yet been elucidated.
The effects of temperature, utensil materials, and rusts (metal oxides) on the formation of PCDD/Fs when sucralose is heated were investigated in the study presented here. The concentrations of tetra-through octachlorinated PCDD/Fs and 17 toxic 2,3,7,8-substituted PCDD/F congeners, collected from the smoke generated by heated sucralose and from the residues after heating, were measured.
Results
Large amounts of sucralose (5 g) were used in the experiments, and the PCDD/Fs produced were quantified. PCDD/Fs were not detected in the smoke or residues when sucralose was heated in quartz, aluminium, or copper utensils (the metal utensils were polished and rust was removed before use) at temperatures between 200 and 400uC. However, PCDD/Fs were detected in both the smoke and the residues when sucralose was heated at 350uC in stainless steel utensils, and it should be noted that stainless steel is commonly used for cooking utensils.
The PCDD/F concentrations in the smoke and residues were calculated on the basis of the original weight of sucralose (5 g) used in the experiments. Figure 1 shows that the PCDD/F concentrations increased in both the smoke and the residues with increasing temperature. The PCDD/F concentrations were higher in the smoke than in the residues. The total PCDD/F concentrations produced from sucralose (5 g) heated at 400uC reached 3. ). PCDD/F concentrations produced when sucralose was heated in the presence of Al 2 O 3 , Fe 2 O 3 , and CuO were significantly higher than the concentrations produced when sucralose was heated in stainless steel utensils (which gave PCDD/F concentrations of up to 3.1 3 10 4 pg g
21
). No significant amounts of PCDD/Fs were detected when sucralose was heated in the presence of the metal oxides at 300uC. Sucralose (5 g) was heated in the presence of small amounts of CuO (1 g, 0.1 g, and 0.01 g) at 400uC to study the effects of the amount of metal oxide present on PCDD/F formation. The PCDD/F concentrations in the smoke and residues decreased as the amount of CuO present decreased. Smaller amounts of sucralose were also tested, and PCDD/F concentrations of approximately 3.0 3 10 6 pg g 21 were produced from 1 g of sucralose and 0.1 g of CuO at 400uC.
Discussion
The PCDD/F concentrations were higher in the smoke than in the residues (Fig. 1) . The PCDD/F distribution agreed with that described in previous reports, the PCDD/Fs produced being mainly in the gas phase 17, 18 . The PCDD/F homologue and congener profiles in the smoke and residues were similar (Fig. 3 ), but they were different from those observed in previous studies 17 . This indicates that the PCDD/F formation pathways when sucralose is heated could be altered if foodstuffs (e.g., beef and vegetable oil) are added. Foodstuffs could provide a carbon source for the PCDD/F backbone formation. Sucralose was found to mainly act as a chlorine source in previous studies, but it acted as both a chlorine source and a carbon source in the study presented here. Furthermore, the addition of foodstuffs could cause PCDD/Fs to be produced at lower temperatures 18 . CuO was more effective than the other metal oxides as a catalyst for PCDD/F formation 19 . Sucralose thermally decomposes at 119uC, liberating HCl 14 . Hisham and Benson (1995) investigated several metal oxides and found that they could absorb HCl and release Cl 2 (the Deacon reaction) 20 , and they found that CuO was the most efficient of the metal oxides that were studied in releasing Cl 2 at approximately 375uC. This reaction would allow Cl 2 to be able to participate in the chlorination of aromatic structures, which could then be followed by the formation of dual ring structures in a second metal-catalysed reaction 21, 22 . Figure 2 also shows that higher concentrations of PCDD/Fs were found in the residues than in the smoke when CuO was present. However, the PCDD/F distributions produced in the presence of Al 2 O 3 and Fe 2 O 3 were different, the PCDD/F concentrations being higher in the smoke than in the residues. We concluded, therefore, that the metal-catalysed PCDD/F formation reaction occurred on the metal oxide surfaces 19 . The PCDD/F homologue and congener profiles produced from sucralose heated in the presence of metal oxides were similar to the PCDD/F profiles formed from sucralose heated in stainless steel utensils (Fig. 4) . This suggests that the metal oxides acted as catalysts, promoting PCDD/F formation, but did not alter the PCDD/F formation pathways.
The PCDFs were found at higher concentrations than the PCDDs in all cases (Figs. 3 and 4) , suggesting that PCDD/Fs might be produced when a carbon matrix is broken down, in a series of oxidation and chlorination reactions, called de novo pathways 23 . The de novo synthesis of PCDD/Fs mostly occurred between 200 and 400uC, giving a PCDF/PCDD ratio of more than one 24 . It has also been reported that the oxidation of chlorobenzenes (CBzs) produces more PCDFs than PCDDs 25 . Polycyclic aromatic hydrocarbons (PAHs) and CBzs are considered to be precursors for PCDD/F formation 19, 26 . Although no PAHs or CBzs were detected in the sucralose before it was heated, both PAHs and CBzs were found, along with PCDD/Fs, in the smoke. CBzs were also detected in the residues. This indicates that compounds containing benzene rings can be formed, chlorinated, and oxidized when sucralose is heated in the presence of metal oxides.
Our data indicate that sucralose may produce significant amounts of PCDD/Fs when heated in stainless steel utensils or in metal utensils in the presence of rust (Al 2 O 3 , Fe 2 O 3 , or CuO) at high temperatures. Occupational exposure to PCDD/Fs has attracted concern 27 . The improper use of sucralose at high temperatures may result in human exposure to PCDD/Fs.
Methods
Pesticide-grade hexane, dichloromethane, and acetone were purchased from J. T. Baker (Phillipsburg, NJ, USA). Sucralose (purity . 98%, HPLC grade) was purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Al 2 O 3 , Fe 2 O 3 , and CuO were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). The experimental system and heating procedures used have been described previously by Dong et al. (2011 Dong et al. ( , 2013 16, 18 . The tetra-to octa-chlorinated PCDD/F homologue groups and 17 individual 2,3,7,8-substituted PCDD/F congeners in the smoke and the residues were analysed following the U.S. Environmental Protection Agency method 1613. The sucralose residues after the heat tests were treated with 1 mol L 21 HCl and left to equilibrate overnight, washed with deionized water until the washings had a neutral pH, then freeze-dried. The sample extraction, clean-up, and instrumental analysis for the PCDD/Fs were conducted following the methods published by Wu et al. (2011) 17 . The ions monitored in the gas chromatograph-high resolution mass spectrometer analysis of PCDD/Fs are given in the Supplementary  Table S1 .
The smoke samples were analysed for PAHs following the Californian Environmental Protection Agency method 429. Known amounts of d-PAHs were added to the sample extracts, cleaned using gel permeation chromatography and then using a multilayer column filled with silica gel and neutral alumina. The extracts were then analysed for PAHs using an Agilent 6890/5973 N gas chromatograph-mass spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA) equipped with an HP-5MS capillary column (30 m long, 0.32 mm i.d., 0.25 mm film thickness; Agilent Technologies Inc.) and operated in selected ion monitoring (SIM) mode. The ions monitored in the gas chromatograph-mass spectrometer analysis of PAHs are given in the Supplementary Table S2 .
The samples were extracted and cleaned-up for the analysis of the tetra-, penta-, and hexa-chlorinated CBzs following a procedure for ''dioxin-like'' polychlorinated biphenyl analysis that has been published previously 9 , and known amounts of 13 Clabelled CBzs were added to the samples before being extracted. The CBzs were analysed using an Agilent 6890/5973 N instrument equipped with an HP-5MS capillary column (30 m long, 0.32 mm i.d., 0.25 mm film thickness) and operated in selected ion monitoring mode, monitoring the two most abundant ions in the molecular ion clusters. The CBz isomers were quantified using the 13 C-labelled CBzs as isotope-dilution internal standards. The ions monitored in the gas chromatographmass spectrometer analysis of CBzs are given in the Supplementary Table S3 .
All of the experiments were run at least in duplicate. The relative percentage differences between the target compound concentrations in the duplicate experiments were less than 37%. The recoveries of the 13 C-labelled PCDD/F internal standards were 60-110%, the d-PAH recoveries were 68-92%, and the 13 C-labelled CBz recoveries were 60-85%. The limits of detection (LODs; defined as the concentration giving a signal-to-noise ratio of 3) for the PCDD/Fs, PAHs, and CBzs were 0.01-0.4 pg g 
